The intrinsic innervation of the gastrointestinal (GI) tract, known as the enteric nervous system (ENS), consists of two major ganglionated plexuses: the myenteric plexus and the submucosal plexus (which itself is subdivided into two further plexuses in larger mammals) [1] [2] [3] . The ENS is the largest and most complex unit of the peripheral nervous system (PNS). Because most of its component neurons lack direct innervation from the CNS, the ENS is neither sympathetic nor parasympathetic but a third autonomic division that receives sympathetic and parasympathetic input 4 . The ENS is unique in containing intrinsic primary afferent neurons (IPANs) that allow it to regulate enteric behaviour without CNS input. Although the ENS can function independently, the ENS and CNS normally communicate bidirectionally. Intrinsic ENS pathways are largely responsible for the detailed patterns of GI motor and secretory activity, such as peristalsis and fluid or electrolyte secretion. The ENS also communicates with many other cell types, including intestinal epithelial, endocrine and immune cells, to influence various physiological responses at the level of the gut.
. The ENS is the largest and most complex unit of the peripheral nervous system (PNS). Because most of its component neurons lack direct innervation from the CNS, the ENS is neither sympathetic nor parasympathetic but a third autonomic division that receives sympathetic and parasympathetic input 4 . The ENS is unique in containing intrinsic primary afferent neurons (IPANs) that allow it to regulate enteric behaviour without CNS input. Although the ENS can function independently, the ENS and CNS normally communicate bidirectionally. Intrinsic ENS pathways are largely responsible for the detailed patterns of GI motor and secretory activity, such as peristalsis and fluid or electrolyte secretion. The ENS also communicates with many other cell types, including intestinal epithelial, endocrine and immune cells, to influence various physiological responses at the level of the gut.
The ENS has been called, on presumed evolutionary grounds, 'the first brain' , to imply that its basic pattern evolved with bilateria, before and independently of that of the brain itself 5 . This speculation draws attention to the reciprocal ENS-CNS connections and the neuronal projections from both the ENS and CNS that converge on visceral and prevertebral sympathetic ganglia. Rising interest in ENS development is reflected in excellent recent reviews [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] . Most of these reviews focus on one disorder, Hirschsprung disease (HSCR), which involves an absence of ganglia (aganglionosis), is wholly attributable to an ENS developmental abnormality and is usually fatal unless the aganglionic gut is removed 18 . The absence of ganglia in HSCR and the potentially fatal bowel obstruction that results from it are, of course, noticeable. HSCR thus has motivated advances in knowledge and merits attention, although its incidence is only ~1 in 5,000 births. When ganglia are present, however, ENS defects are not easily diagnosed because the classification of the pathology of ENS disorders has only just begun 19, 20 ; moreover, the presence of ganglia does not necessarily mean that the ENS will function normally. Indeed, even after the aganglionic intestine has been removed from individuals with HSCR, the motility of the remaining ganglionated intestine may be abnormal [21] [22] [23] . Other life-threatening abnormalities of GI motility, such as chronic intestinal pseudo-obstruction, can also occur despite the presence of enteric ganglia 24 . Because survival requires the ENS to be functional at birth to accommodate oral feeding 25 , ENS circuits necessary for motility must be assembled before birth. Before GI motility comes under the control of the ENS, only non-propulsive myogenic 'ripples' are present [26] [27] [28] . It is thus important to understand ENS development, not only for its intrinsic scientific value or to cope better with HSCR but also to gain insight into more common GI disorders, such as irritable bowel syndrome (IBS) and chronic constipation, that may arise from abnormalities of ENS development.
In this Review, we provide an overview of ENS development, including the colonization and migration of neural-crest-derived progenitors to the developing gut and their differentiation, organization and proliferation. We also describe recent efforts to determine
Ganglionated plexuses
Nerve networks interspersed with ganglia (aggregates of neuronal cell bodies) at the internodes of connecting nerve strands.
Bilateria
Animals with bilateral symmetry.
Hirschsprung disease (HSCR) . A congenital absence of ganglia from a segment of gut that may be short or long.
Chronic intestinal pseudoobstruction
A gut motility disorder giving rise to a functional but not mechanical obstruction to the transit of intestinal contents.
Enteric nervous system development: what could possibly go wrong? the molecular mediators underlying these processes. The complexity of ENS development is paralleled by the adverse effects that occur when these developmental processes or molecular interactions are disrupted. Even minor perturbations in the activity of key molecules during ENS development can lead to long-lasting structural and functional consequences for the gut that could contribute to the pathogenesis of GI disorders.
Neural-crest colonization of the gut
Early work in chick embryos demonstrated that enteric ganglia failed to arise after the vagal neural crest (corresponding to somites 1-7) was ablated 29 , suggesting that the ENS is a neural-crest derivative and that vagal-crest-derived cells migrate to and colonize the bowel. Later experiments confirmed these suggestions by tracing migrating crest cells in chick embryos in which various regions of the crest were removed and replaced with quail crest 30 . Quail crest-derived cells from the vagal level colonized the entire bowel, and quail cells originating from the sacral crest (axial levels caudal to somite 28) contributed additional cells to the gut caudal to the umbilicus (known as the post-umbilical bowel) 31 (Box 1; Fig. 1 ).
Further work involving transplantations at ectopic levels and various times suggested that crest cells do not migrate to the bowel because they are intrinsically programmed to get there. Rather, they migrate along defined pathways, and the microenvironments these cells encounter along these routes and in their final destinations influence how they differentiate 32 . These observations therefore suggested that cells in the premigratory crest are undetermined and multipotent.
Although crest cells from other axial levels implanted into the vagal region of an embryo can colonize the gut and give rise to enteric neurons and glia, vagal crest cells seem to be more effective colonizers 9 ; for example, when vagal crest cells replace the sacral crest, the vagal-crest-derived cells are far more invasive than non-replaced sacral-crest cells and colonize a greater proportion of the gut 33 . One hypothesis to explain the difference between vagal-crest-derived cells and sacral-crest-derived cells that migrate to the bowel is that the crest-derived cells at somites 8 and below express roundabout (ROBO) receptors and thus avoid the proximal gut, where the repellent ligand for ROBO receptors, SLIT2, is expressed 34,35 (Fig. 1a) . SLIT2 does not similarly repel vagal-crest-derived cells, because they do not express ROBO and thus are able to enter the SLIT2-expressing bowel.
To reach the gut, vagal-crest-derived and sacral-crestderived cells migrate ventrally away from the neuraxis. The earliest wave of vagal-crest-derived cells migrates to the pharyngeal arches and the cardiac outflow tract 36, 37 . The later pathway taken by ENS precursors as well as additional cardiac-crest cells (at somites 1-3) leads preferentially through the mesenchyme of the anterior portions of each somitic sclerotome 38,39 . Unlike their ENS counterparts, cardiac-crest precursor cells express CXC-chemokine receptor 4 (CXCR4) and migrate towards the CXCR4 ligand, stromal cell-derived factor 1 (SDF1), in the developing heart 40, 41 . A repulsive ephrin receptor-ephrin ligand interaction helps to guide crest-derived cells leaving the neuraxis 42, 43 ; however, selective migration of crestderived cells through somites persists in mice that lack ephrin signalling 44, 45 . The preference of crest-derived cells for the anterior halves of somites probably depends more on another ligand-receptor interaction -namely, the repulsion of neuropilin-2-receptor-expressing cells by the semaphorin-3F-expressing mesenchyme of posterior half-somites 46, 47 . The migration through the vagal somitic mesenchyme seems to restrict the potential of crest-derived cells to ENS phenotypes and to eliminate lineages that are inappropriate in the gut, such as the melanocytic lineage 48 . Retinoic acid is produced in the somitic environment and acts on nuclear retinoic acid receptor-α (RARα) and RARγ within migrating crest-derived cells 49 . A retinoicacid-driven upregulation of the expression of the receptor tyrosine kinase RET (discussed in detail below) drives the commitment of crest-derived cells to enteric lineages 50 . The ENS fails to arise in mice that are deficient in retinaldehyde dehydrogenase 2, one of the biosynthetic enzymes for retinoic acid 51 . The migration of crest-derived cells ahead of descending vagus nerve fibres along the murine vagal pathway was first visualized in 1989 (ReF.
52
) and was later confirmed 53 . The nerve fibres move quickly along the
Box 1 | The colonization of the gut by cells from the neural crest
Recent chick-quail transplantation studies have revealed that there are regional differences within the vagal crest 9 . Crest-derived cells from somite levels 1-2 populate only the oesophagus; those from levels 3-5 colonize the bowel from the stomach to the hindgut; and migrating cells from levels 6-7 go only to the hindgut 36 . Conflicting results obtained by using a lipophilic dye as a tracer in fetal mice suggest that crest-derived cells from somite levels 6-7 colonize the oesophagus and not the hindgut, as in the avian studies 173 . It is not clear whether the conflict in these data is due to species or technical differences. Crest-derived cells from somite level 3 seem to be particularly invasive and can alone compensate for the ablation of the entire vagal crest 67 . Recent genetic studies have suggested that much of what has traditionally been considered vagal crest has to be reconsidered 56 . The vagal crest has properties that are transitional between cranial and truncal
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. Crest-derived cells next to somites 1-2 are thought to give rise to Schwann cells that migrate along descending vagus nerve fibres to the oesophagus and stomach and give rise to the enteric nervous system (ENS) in these regions 56 (Fig. 1) . These are truly vagal-crest-derived, because they migrate as components of the vagus nerves. By contrast, crest-derived cells from somite levels 3-7 are suggested to be like the more distal crest-derived cells of the trunk and actually to be contributors to sympathetic chains; moreover, their ventral migration seeds not only the sympathetic chain ganglia but also the ganglia of the entire GI tract. These data are interpreted to account for why abnormalities are seen in both enteric and sympathetic ganglia when the gene encoding the receptor tyrosine kinase ERBB3 is deleted 56, 174, 175 . The atrophy in half of the oesophageal ganglia when the nerve-associated form of the ERBB3 ligand, neuregulin 1 (considered to be essential for parasympathetic neuronal development), is deleted is considered to be evidence that the oesophageal neurons are parasympathetic. The ENS is thus postulated to have four origins (Fig. 1) : crest-derived cells from axial levels 1-2, which migrate as Schwann cells to the oesophagus and stomach; a 'sympatho-enteric' component from axial levels 3-7, which migrates through the entire remainder of the bowel; the sacral crest (caudal to somite 28), which contributes to the post-umbilical gut; and Schwann cells that reach the bowel with extrinsic nerves shared pathway and overtake lagging vagal-crest-derived precursor cells by embryonic day 10 (E10). Precursors derived from the truncal crest (corresponding to somites [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] ) that are destined for dorsal root and sympathetic ganglia exhibit a similar pattern of migration, advancing along a pathway shared later by projections of spinal nerve fibres 46, 47 . Interestingly, a subset of the migrating and proliferating vagal-crest-derived precursor population seems to be transiently catecholaminergic and gives rise to non-catecholaminergic neurons within the ENS 52,54,55 . A recently proposed alternative explanation for the presence of crest-derived cells among descending vagal fibres is that they are not uncommitted precursors but really Schwann cells that vagal axons guide to the oesophagus and stomach, where they transdifferentiate to give rise to neurons 56 . Vagal enteric neural-crest-derived cells (ENCDCs) seem to migrate proximo-distally within the outer gut mesenchyme; however, a large subset takes a shortcut from the ileum through the dorsal mesentery (the mesenchymal attachment of the bowel to the body wall; Fig. 1 ) and thus avoids having to traverse the caecum 57 , which seems to slow the migration of traversing crest-derived cells 58 . ENCDCs migrate as chains and must remain in contact with one another for directional migration 59 . Sacral-crest-derived cells, similar to their vagal counterparts, migrate to the bowel through the somitic mesenchyme; however, the sacral population waits alongside the hindgut from E11.5 before entering it with the invading extrinsic sacral innervation at approximately E14.5 (ReFS 53, 60 ). In the gut, sacral-crest-derived cells migrate orally, countercurrent to the anally directed vagal population 61, 62 . Sacral-crest-derived cells give rise to a minority of post-umbilical neurons (~20%), and their numbers are inversely proportional to the distance from the umbilicus 60, 63, 64 . The sacral innervation has recently become controversial in that a redefinition
Mesenchyme
The embryonic connective tissue. it is of mesodermal origin in most of the body, but in the region of the head and neck it is derived from the neural crest.
Sclerotome
The portion of a somite that gives rise to bone or other skeletal tissue.
Melanocytic lineage
Neural-crest-derived precursors that commit to developing as melanin-producing cells.
Retinaldehyde dehydrogenase 2
enzyme that catalyses the synthesis of retinoic acid from retinaldehyde. the coeliac trunk supplies the foregut, the superior mesenteric artery supplies the midgut and the inferior mesenteric artery , supplies the hindgut. The foregut includes the portion of the bowel from the pharynx to the entry of the pancreatic and bile ducts in the mid-duodenum; the midgut extends to the mid-transverse colon; and the hindgut extends to the ectoderm of the anal canal. The midgut grows rapidly and herniates transiently into the umbilical cord but then folds extensively and rotates upon returning to the abdomen. Neural-crest-derived cells were first shown to migrate to the bowel from the vagal level (corresponding to somites 1-7) and sacral axial level (dark red; caudal to somite 28). A third source of crest-derived precursors of neurons or glia (blue) enter the colon later in ontogeny , among the Schwann cell population found in innervating extrinsic nerve fibres. Most recently , molecular genetic studies have suggested that the vagal level of the crest is more complex than previously suspected. Crest-derived cells from axial levels 1-2 (green) migrate to the oesophagus within the descending fibres of the vagus nerves. Properties of the more caudal vagal crest, at levels 3-7 (red), are more like those of the truncal crest, which gives rise to sympathetic ganglia. This 'sympatho-enteric' crest colonizes the entire gut and is the major source of enteric neurons and glia. Sacral-crest-derived cells colonize only the post-umbilical gut. The proportion of enteric neurons derived from the sacral crest (purple) is relatively small and higher distally than proximally. In contrast to vagal-crest-derived cells, which migrate proximo-distally , sacral-crest-derived cells migrate in a distal-to-proximal direction. b | During the folding of the midgut, at embryonic day 11 (E11) to E11.5, the presumptive ileum is transiently located next to a loop of post-caecal bowel (presumptive ascending colon). The dorsal mesentery intervenes between them. A subset of cells within the descending vagal enteric neural-crest-derived cell (ENCDC) population (red) takes a shortcut through the mesentery (pink) to enter the still-to-be colonized gut distal to the caecum. These cells do not have to traverse the caecum. Part a is adapted with permission from ReF.
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, Elsevier.
has been proposed (Box 2). Schwann cells, or truncalcrest-derived precursors that are currently indistinguishable from Schwann cells, enter the caudal midgut with extrinsic nerves and give rise to ~20% of the neurons of the colonic ENS 65 (Box 1).
Progenitor differentiation
Regardless of origin, ENS progenitors that colonize the gut face a complex problem: they must proliferate to build and maintain a precursor pool, differentiate to form neurons and glia without depleting the progenitor pool and coordinate these processes with a lengthy migration along the entire extent of the developing gut. Progenitor proliferation is important to maintain an adequate mass of cells at the migratory wavefront and to sustain the distal-ward movement of precursor cells in the developing intestine [66] [67] [68] ; therefore, differentiation must be carefully timed. Premature differentiation of progenitors into neurons or glia leads to inadequate colonization of the distal bowel [69] [70] [71] [72] . Various molecules influence progenitor differentiation, but progenitors express three central regulators that are essential for normal ENS development: the homeodomain transcription factor paired-like homeobox 2B (PHOX2B), transcription factor SOX10 and RET. In mice lacking PHOX2B, vagal-crest-derived progenitors enter the foregut at E10.5 but an ENS does not develop, presumably because PHOX2B is required for the normal expression of other important proteins, including RET and the transcription factors SOX10 and achaetescute homologue 1 (ASCL1; also known as ASH1) 73, 74 . Heterozygosity for mutations in human PHOX2B (which are mostly loss-of-function mutations) causes congenital central hypoventilation syndrome (CCHS); 16% of individuals with CCHS have associated HSCR 75, 76 . Thus, even PHOX2B haploinsufficiency is sufficient to exert major effects on ENS development and GI function.
All crest-derived progenitors express SOX10 as they delaminate from the neural tube and this initial phase of SOX10 expression is PHOX2B-independent. In the developing ENS, progenitors need this initial SOX10 expression to maintain potency and survival. A naturally occurring autosomal dominant mutation with incomplete penetrance in mice (Dom) was observed to cause deficiency of myenteric neurons, leading to megacolon 77 ; Dom was later identified to be in the Sox10 locus 78, 79 . Sox10 haploinsufficiency is sufficient to cause colonic hypoganglionosis and megacolon in mice 80 ; moreover, human mutations causing SOX10 haploinsufficiency are associated with Waardenburg-Shah syndrome 81 .
Initially, neural-crest-derived progenitors need to express SOX10 in order to survive, maintain multipotency and turn on expression of PHOX2B and ASCL1
(ReFS

82,83
). As progenitors differentiate, they must maintain SOX10 expression in order to generate glia 80, 82 and downregulate SOX10 levels to generate neurons 83 ( Fig. 2 ).
Box 2 | What is the autonomic nervous system and how does the ENS relate to it?
Surprisingly, the nature of the motor component of the sacral innervation has recently been challenged. The physiologist John Newport langley defined the autonomic nervous system as one that is entirely efferent and differs from the skeletal motor system by having at least one peripheral synapse to traverse before innervating its effectors 4 . In his original classification, langley distinguished parasympathetic and sympathetic divisions on the basis of their outflows from the CNS. He considered the sacral autonomic outflow to be parasympathetic, which meant that it was similar anatomically and functionally to the cranial outflow. The cranial outflow to the gut is found in the vagus nerves.
The cranial and sacral parasympathetic neurons that actually innervate effectors are found in ganglia that are located within or very close to the innervated organs. By contrast, the thoracolumbar sympathetic outflow from the CNS is directed to prevertebral and paravertebral ganglia. langley's insights have not been disproved 176 ; however, a recent report has now analysed cellular phenotypes to re-examine the autonomic classification 177 . The authors identified 15 phenotypic and developmental 'features' that distinguish the preganglionic and postganglionic neurons of cranial parasympathetic neurons from their thoracolumbar (sympathetic) analogues. For each of these features, the sacral and thoracolumbar outflows are 'indistinguishable'. The conclusion of this molecular study, which is quite different from that of langley 4 , is that the parasympathetic outflow may be routed exclusively through cranial nerves, whereas everything else -including sacral outflow -may be considered sympathetic and innervated by spinal nerves.
langley, of course, classified the enteric nervous system (ENS) as a separate autonomic division, neither sympathetic not parasympathetic, because most enteric neurons receive no direct innervation from the CNS 4 ; however, the ENS is now thought to receive an extrinsic innervation that includes sympathetic, parasympathetic and sensory components. The new definition of the autonomic nervous system outlined above 177 does not include the ENS, but it would imply that the parasympathetic innervation of the bowel ends at the distal-most extent of the vagi, which is species-dependent but universally excludes the rectum 178 . The distal colon and rectum would therefore be considered to receive only a sympathetic innervation, although some of these newly defined sympathetic nerves (formerly considered sacral parasympathetics) are functionally antagonistic to the remainder. Furthermore, the new definition does not take into account the reciprocal connections of the sacral region to the spinal cord 5 or the direct projections of the spinal cord to the bowel 179 , which, according to langley's old definition, are not at all sympathetic, because they do not synapse in prevertebral or paravertebral ganglia. In fact, given that molecular analyses have suggested that the ENS distal to the oesophagus is derived, in a major part, from sympatho-enteric progenitors and that the truly 'vagal' crest is limited to levels next to somites 1-2 (ReF.
56
), the entire ENS may be considered to be a component of the sympathetic nervous system. This notion is confusing because the colorectum would be considered to receive functionally antagonistic sympathetic innervations 177 . The evident contradictions in this discussion can be rationalized, but particularly in view of the multiple physiological, neurochemical and anatomical differences between sympathetic and parasympathetic nervous systems 176 , there is good reason to retain the long-accepted physiological-anatomical definitions of the vagal crest 29, 180 and the autonomic nervous systems 4 and to superimpose the new molecular information on that scaffold.
Hindgut
Most caudal region of the fetal bowel; the region supplied by the inferior mesenteric artery.
Megacolon
Massively dilated colon, such as that which occurs proximal to the pseudo-obstruction caused by an aganglionic region of colon.
Waardenburg-Shah syndrome
Syndrome characterized by hearing loss and pigment abnormalities that can be associated with enteric aganglionosis.
This model of SOX10 function in neural-crest-derived progenitor differentiation is largely based on observations in the extra-enteric PNS. To determine whether SOX10 expression affects the differentiation of ENCDCs specifically, a recent study used genetic lineage tracing to examine enteric crest derivatives in Sox10 Dom/+ mice 84 .
Although the colons of Sox10
Dom/+ mice exhibited varying lengths of distal aganglionosis, the ENS in the small intestines of these animals was grossly normal 84 . Close examination of the small intestinal ganglia in Sox10 Dom/+ mice revealed normal numbers of neurons and glia but alterations in the types of neurons generated, leading to defects in GI motility 84 . These findings suggest that SOX10 plays a role in neuronal-subtype specification in the small intestine and that distinct levels of SOX10 activity might be required for neuronal specification and gliogenesis. Developmental defects in the cell-subtype composition of enteric ganglia resulting from reduced activity of SOX10 or other factors might represent an unrecognized aetiology of GI dysmotility.
RET is a signalling co-receptor for the glial-derived neurotrophic factor (GDNF) family of ligands and is essential for ENS development. In mice lacking RET, the GI tract beyond the most proximal region of the stomach (near the oesophago-gastric junction) is almost entirely aganglionic 85 . In humans, heterozygous loss-of-function mutations in RET are the most common known cause of both familial and sporadic forms of HSCR 86 . One important role of GDNF signalling through RET and one of its co-receptors, GDNF family receptor-α1 (GFRα1), is to guide enteric neural-crest-derived progenitors into and along the developing gut, at least as far as the caecum, where GDNF accumulates 87 . However, similar to SOX10, RET plays multiple roles during ENS development, and some of these roles differ between the small and large intestines. When GFRα1 or RET is globally deleted in mice at E15.5 (after ENCDCs have completed their colonization of the gut), enteric neurons undergo apoptosis in colon but not in small intestine, causing colonic hypoganglionosis 88, 89 . These data suggest that RET signalling is required selectively for the survival of newly born colonic neurons. RET expression is maintained in a subset of enteric neurons after fetal development in the small and large intestines 90, 91 , but its functions in the postnatal ENS remain largely unknown. Another receptor tyrosine kinase, MET, is expressed in subsets of enteric neurons that are mutually exclusive of RET + subsets 90 . Ablation of MET in the mouse PNS leads to defects in enteric neurite outgrowth and increased vulnerability to intestinal inflammation 90 . Similarly, mice lacking the RET co-receptor GFRα2, or its ligand, neurturin, exhibit reduced density of enteric nerve fibres and altered GI motility without aganglionosis 92, 93 . Thus, receptor tyrosine kinases probably play many roles during and after ENS development that remain to be discovered.
Recent studies have shown that ENCDCs in the developing gut are not homogenous; cells close to the migrating wavefront co-express PHOX2B, SOX10 and RET, whereas cells trailing the wavefront are more heterogenous in their expression of these and other markers 94, 95 . Single-cell RNA sequencing of Sox10-expressing cells in E12.5 mouse gut has revealed at least three transcriptional types of enteric neural-crest progenitors: one that co-expresses Phox2b, Sox10 and Ret, and two others that diverge along either gliogenic or neurogenic trajectories 96 . Consistent with this divergence, lineage tracing of the progeny of single Sox10 + progenitors in the small intestines of mice shows that some Sox10 + progenitors give rise only to neurons, some give rise only to glia and others give rise to both 96 . Deletion of Ret within individual Sox10-expressing progenitors leads to increased proliferation at the expense of neuronal differentiation in the clonal populations derived from these cells, suggesting that RET is required to activate the neurogenic programme 96 . Thus, differentiating ENCDCs seem to face a proverbial fork in the road: to generate neurons, they must downregulate SOX10 and maintain RET expression, and to generate glia, they must downregulate RET and maintain SOX10 expression (Fig. 2) . How SOX10 and RET shift their roles from progenitor maintenance and guidance to neuronal or glial fate acquisition and subtype specification is still incompletely understood.
Although PHOX2B, RET and SOX10 are crucial, they are by no means the only molecules important for normal ENS development. A wide range of signalling pathwaysincluding neuregulin 1 activation of receptor tyrosine kinase ERBB3, endothelin 3 activation of endothelin receptor type B, Notch proteins, Hedgehog, retinoids, bone morphogenetic proteins (BMPs) or the nuclear orphan receptor NR2F1 -all modulate enteric progenitor cell proliferation and differentiation to alter the balance of neurons and glia in the ENS. A comprehensive discussion of all of these pathways is beyond the scope of this Review, but they have been well described by others [97] [98] [99] . It is clear that ENCDC differentiation is finely tuned and can be altered by many genetic and environmental factors, with long-lasting structural and functional consequences.
Formation of ganglionated plexuses
Most of the ENS is organized into two interconnected plexuses of ganglia -the submucosal plexus in the submucosa, and the myenteric plexus between the circular and longitudinal muscle layers of the gut wall -each of which contain multiple subtypes of neurons involved in distinct circuits and functions. More than 30 years ago, myenteric neurons were observed to develop before submucosal neurons in mice; a similar pattern was later detected in human fetal tissues 100 (Fig. 3a) . These observations suggested that some neural progenitors migrate radially from the myenteric plexus towards the mucosa to give rise to the submucosal plexus. A birthdating study with [ 3 H]thymidine in mice confirmed that both peptidergic and non-peptidergic neurons in the myenteric plexus are born before their counterparts in the submucosal plexus 101 , supporting the 'outside-in' hypothesis of ENS development, which has become widely accepted in the field.
Lasrado and colleagues recently used new mouse genetic tools to formally test this hypothesis 96 . They mapped the fates of individual enteric neuralcrest-derived progenitors in mice by expressing the Confetti transgene in Sox10-expressing cells at E12.5 and analysing reporter expression in adult small intestines 96 . Remarkably, most clonally related cells that expressed a single reporter colour were organized into columns along the radial axis, from serosa to mucosa (Fig. 3b,c) . Individual Sox10 + precursors gave rise to clones containing neurons, glia or both (neuroglia (NG)). All three types of clones contributed to the myenteric plexus, but only the glia-containing and NG-containing clones contributed to the submucosal plexus and mucosa. These glial clones and NG clones, which spanned both plexuses, consisted of cells that were aligned along the radial axis of the gut (Fig. 3c) . These findings suggest that submucosal neurons arise from bipotent precursors that originate within the myenteric plexus and that the topological organization of the ENS is columnar, similar to that of the cortex and the spinal cord. Moreover, clonally related neurons derived from E12.5 Sox10 + cells were more likely to show synchronous Ca 2+ responses to single-pulse electrical stimulation of the plexus than were unrelated neurons, suggesting that sister cells are more likely to wire together 96 . Enteric neuronal subtypes are born during distinct developmental periods 101 , and cell types with similar birthdates might be more likely to wire together. Further studies will need to determine to what extent lineage relationships and developmental timing each contribute to enteric circuit formation.
The signals that guide differentiating progenitors from the myenteric plexus to the submucosal plexus and determine their connectivity have only begun to be identified. One important set of signals is the netrin family of secreted proteins, which are also involved in axon guidance in the CNS. The developing epithelium of the murine intestine expresses netrins, and a subset of ENCDCs expresses the netrin receptor DCC 102 . Mice lacking DCC do not have a submucosal plexus 102 , suggesting that DCC-mediated netrin signalling is required for enteric neural-crest-derived progenitors to migrate radially and populate the submucosal plexus (Fig. 3a) . Interestingly, netrin-DCC signalling is also important in mice and chicks for driving the migration of ENCDCs from the primordial distal foregut into the pancreatic bud to give rise to pancreatic ganglia and, later (at approximately E15 in mice), in guiding vagal sensory axons to myenteric ganglia 103 . Laminin 111 is concentrated in the basal lamina of the intestinal epithelium 104, 105 , promotes neuronal differentiation 106 and converts the effect of netrin-DCC signalling from attraction into repulsion 107 ; therefore, laminin 111 may be a signal that causes radially migrating ENCDCs to stop in the submucosa, short of the source of netrin in the epithelium 108 ( Fig. 3a) . Recent transcriptional profiling of Sox10-expressing cells at two different time points in mouse ENS development revealed more than 150 signalling molecules and receptors expressed by differentiating enteric neural-crest-derived progenitors as well as the surrounding mesenchyme 109 . This rich resource is sure to contain many more candidate pathways that might influence the development of the submucosal plexus.
Once newly born neurons populate the two enteric plexuses, they must extend radial and longitudinal projections to connect these plexuses and form functional circuits that target the mucosa, the muscularis externa, interstitial cells of Cajal, extrinsic neurons, blood vessels, lacteals (lymphatic capillaries) and each other. The mechanisms that underlie enteric circuit formation and determine this connectivity remain poorly understood. The G protein-coupled receptor cadherin EGF LAG seven-pass G-type receptor (CELSR3), known for its role in planar cell polarity, is one of the few molecules shown to be important for establishing ENS connectivity. In mice lacking CELSR3 in the ENS, neuronal density and subtype specification are intact, but neuronal projections are disorganized, leading to abnormal GI motility and premature death 110 . The circuits of the ENS, which have yet to be meaningfully characterized, even in the adult bowel, represent one of the great challenges for future research. Because neurons of each type are intermixed in enteric ganglia, and functional segregation into spatially defined nuclei is lacking, these circuits are extremely difficult to map. It is likely that advances in functional imaging and synaptic tracing will accelerate this process.
Differentiating enteric neurons express many molecules known to be active in axon guidance, but most have not been functionally examined in the ENS 109 . One secreted signal that plays an important role in regulating mucosal projections is sonic hedgehog (SHH). During development, SHH is expressed in the intestinal epithelium, and ENCDCs in the myenteric plexus express one of its receptors, growth arrest-specific protein 1 (GAS1) 111, 112 . In mice lacking SHH, the myenteric and submucosal plexuses are present by late fetal
Confetti transgene
A genetic multicolour-reporting system typically used in mice that enables expression of one of four different fluorescent proteins, the expression of which results from stochastic recombination in individual cells and is maintained in their progeny, allowing cell lineage to be traced.
Interstitial cells of Cajal
Connective tissue cells of the gut derived from a mesenchymal precursor common to intestinal smooth muscle. They are innervated and serve as pacemakers to intestinal smooth muscle.
development, but the immunoreactivity of neural markers is also found ectopically in the mucosa throughout the small intestine 111 . Shh-null mice also have extensive non-neural defects in gut patterning and the epithelium, making it unclear whether this ENS defect is direct or indirect. Global or conditional deletion of Gas1 in the PNS of mice induces a similar ENS phenotype, with ectopic neurons and premature projections into the mucosa 112, 113 . In combination with in vitro data showing that SHH repels enteric neurites in a GAS1-dependent manner 113 , these studies suggest that SHH secreted from the epithelium repels GAS1-expressing enteric neural-crest-derived progenitors; thus, these progenitors are prevented from inappropriately colonizing the mucosa, and differentiating myenteric neurons are prevented from prematurely extending projections towards the epithelium (Fig. 3a) . Additional studies will be needed to determine how the repulsive SHH cue is relieved to allow appropriate mucosal innervation by enteric neurons later in development and the identity of The rudimentary mucosal epithelium expresses netrins, which serve as chemoattractants, and sonic hedgehog (SHH), which serves as a chemorepellent. The subset of ENCDCs that expresses the netrin receptor DCC migrates into the submucosa to populate the submucosal plexus (SMP). SHH signalling through the growth arrest-specific protein 1 (GAS1) receptor prevents them from migrating into the mucosa and extending premature projections to the epithelium. Laminin 111, which can convert netrin-DCC signalling from attractive to repulsive, is expressed in the basal lamina immediately underneath the epithelium and might serve as an additional cue that keeps ENCDCs from migrating beyond the submucosa into the epithelium. The timelines for myenteric plexus (MP) and SMP development in mice and humans are illustrated below from embryonic day 8 (E8) through postnatal day 14 (P14) and from week 4 of gestation, respectively. The timelines are based on birth-dating of enteric neuronal subtypes in mice; human data are much more limited and suggest that some ENCDCs have colonized the hindgut as early as week 8 of gestation and that SMP development lags behind MP development by ~3 weeks 100 . Timelines are illustrated as continuums without definitive end points because recent reports suggest that there is robust enteric neurogenesis in the mature murine gut 131 , and it remains unknown to what extent this occurs in humans. b | Schematic of the mature small intestine illustrating the laminar organization of the bowel and its integrated MP and SMP. The MP is located in between the circular (CM) and longitudinal (LM) layers of smooth muscle, and the SMP is located in the submucosa. Clonally related neurons and glia (shown in the same colours) are distributed in columns along the radial axis, as highlighted in the boxed area. c | The boxed area in part b is expanded to illustrate the observations made by lineage tracing of the progeny of individual Sox10-expressing ENCDCs using the multicolour Confetti reporter and examining clonally related cells (which all express the same reporter colour) in mature bowel 96 . Three types of clones were observed: neuronal (N; depicted in blue), glial (G; green) and those that contained both neurons and glia (NG; red). The majority of clonally related cells were distributed in a columnar fashion, similar to the CNS. All three types of clones can be observed in the MP, but only NG and G contribute to the SMP (neurons and/or glia) and mucosa (glia). Sister cells are distributed in register along the radial (serosa-to-mucosa) axis of the bowel.
chemo attractive cues that further guide target selection. Overall, most of the signals responsible for enteric neuronal connectivity and synapse formation remain to be discovered. Observations from a new enteric neuronglia co-culture model suggest that, as in the CNS, glialderived factors, such as GDNF and purines, probably play an important role 114 .
Enteric neurons
Neuronal diversity in the ENS. The ENS in mature mammals contains many different types of neurons 3 . These cells can be distinguished on the basis of their neurotransmitter content, electrophysiological characteristics, axonal projections and roles in enteric physiology 115 . Neurons in the myenteric plexus can broadly be categorized into at least three major types: IPANs; motor neurons that excite or inhibit smooth muscle; and interneurons that ascend, descend and/or project to the submucosal plexus 3 (Fig. 4) . At least 70% of all myenteric neurons are cholinergic, but this group is heterogeneous and can be subdivided on the basis of various co-transmitters. Most enteric neurons that inhibit smooth muscle contain nitric oxide synthase 1 (NOS1), but NOS1 is also found in some enteric interneurons. Calbindin marks IPANs specifically in the guinea pig ENS 116 but is not such a clear IPAN marker in other species 115 ; in mice, IPANs may also contain calretinin, which is also found in subsets of neurons that excite smooth muscle and in interneurons. One set of descending myenteric interneurons, which are relatively few in number but project very widely, expresses serotonin (5-HT) 117, 118 . Many additional neuroactive molecules and neurotransmitters, such as GABA 119 and dopamine 120, 121 , characterize the ENS; however, their precise roles in ENS function and control of enteric physiology are not yet clear.
The submucosal plexus contains cholinergic and vasoactive intestinal peptide-expressing secretomotor neurons as well as IPANs 122, 123 . The submucosal and myenteric plexuses reciprocally project to one another 124 , and myenteric serotonergic neurons stimulate the activity of submucosal cholinergic neurons that stimulate epithelial proliferation 125, 126 . The high and not yet fully characterized phenotypic diversity of enteric neurons reflects the complexity of the many functions and behaviours that the ENS regulates or controls with or without input from the CNS 5, 127 . Little is known at the transcriptional level about how enteric neuronal diversity is established. A recent advance is the discovery that SOX6 expression is required for the formation of murine gastric dopaminergic neurons 109 .
Cell-cycle regulation. Various types of enteric neurons exit from the cell cycle at different times and in a reproducible sequence 101 . Early-born and late-born enteric neurons are intermixed in every ganglion of the myenteric plexus. Early-born enteric neurons include those that contain 5-HT and acetylcholine, whereas late-born neurons are peptidergic and/or express NOS1, calbindin or calretinin 101, 128, 129 . BMPs (BMP2 and BMP4) from the mesenchyme stimulate BMP receptors on enteric neurons to promote their differentiation and thus regulate the timing of withdrawal from the cell cycle 129 . Alterations in this timing and the number of amplifying cell divisions between commitment to the neuronal phenotype and the terminal mitosis may alter enteric neuronal specification. Consequently, the number of enteric neurons and the distribution of various enteric neuronal phenotypes are altered when BMPs (which promote withdrawal from the cell cycle) are deficient during the period of intense enteric neurogenesis (before postnatal day 21 (P21) in mice). Exposure of ENCDCs to a factor that promotes proliferation (such as GDNF, which, in excessive concentrations, can overly stimulate RET) exerts an opposite effect to that of BMPs and alters the normal pattern of enteric neuronal phenotypic expression 130 . In mice, the late birth of neurons continues postnatally through about P21, after which the pace of neurogenesis abates 101 ; however, recent work has suggested that enteric neurogenesis and neuronal turnover occur in adult mice at an astonishingly brisk rate: 88% of small intestinal myenteric neurons in adult mice may be less than 2 weeks old 131 . This robust, and previously unsuspected, turnover of enteric neurons requires a great deal of cell death. In the developing murine ENS, apoptosis occurs at a very low rate 132 , if at all 133 , and cell death is not a major phenomenon. This paucity of developmental apoptosis stands in contrast to other regions of the developing nervous system, where neurons are generated in excess and then cut back. Further studies will need to characterize these new observations of adult enteric neurogenesis and determine how the underlying molecular and cellular mechanisms compare to the programmes that lead to initial development and differentiation of enteric neurons and glia.
Neurotransmitter-mediated regulation of late neurogenesis. Because enteric neurons are born in a reproducible, phenotype-related sequence 101, 128 , terminally differentiated enteric neurons coexist with dividing precursors. The early-born serotonergic and cholinergic neurons are thus able to influence, through their activity, the precursors of late-born neurons before the latter commit to their terminally differentiated phenotypes 121 . Considerable evidence supports the idea that early-born enteric neurons, neurotransmitters and their transporters all modify ENS development. We concentrate on 5-HT as an example.
Serotonergic neurons synapse on dividing precursors in the developing ENS 134 , and the ENS is profoundly hypoplastic in mice that lack tryptophan hydroxylase 2, which is essential for 5-HT biosynthesis in neurons 135 . A hypoplastic ENS is also found in mice carrying a gainof-function mutation (G56A) in Slc6a4, the gene encoding the serotonin transporter (SERT), which removes 5-HT from its receptors; the G56A-mutant SERT clears 5-HT before it can adequately activate its receptors 126 . By contrast, the ENS is hyperplastic in mice in which the effects of 5-HT are amplified, such as those that lack SERT or that have been exposed to a selective serotoninreuptake inhibitor (SSRI) throughout gestation 126 . GI motility is abnormal when the ENS is either hyperplastic or hypoplastic.
5-HT and 5-HT 4 receptor agonists stimulate enteric neurogenesis when they are applied to isolated ENCDCs in vitro, and this effect is blocked by 5-HT 4 receptor antagonists 135, 136 . 5-HT 4 receptor agonists also stimulate enteric neurogenesis in the adult bowel in vivo, and 5-HT 4 antagonists block this stimulation [136] [137] [138] . These data suggest that transmitter release from enteric serotonergic neurons is essential to support 5-HT 4 -receptor-mediated neurogenesis in the developing and mature ENS. Consistent with this suggestion, 5-HT 4 receptor agonists rescue ENS development and GI motility in mice in which SERT is overactive 126 . The early-born enteric serotonergic and cholinergic neuronal phenotypes are of clinical interest, because antidepressants such as SSRIs, drugs of abuse (such as cocaine and opiates) and antispasmodics are commonly ingested during pregnancy, alter the function of these neurons and thus may exert unanticipated and long-lasting effects on the ENS of the offspring 126, 139 . IPANs release acetylcholine (ACh) to activate ascending and descending interneurons, which stimulate excitatory and inhibitory motor neurons, respectively. Motor neuron activity leads to oral contraction and anal relaxation of intestinal smooth muscle, which propels luminal contents in the proximal-distal direction. Ascending interneurons express enkephalin (Enk) and descending interneurons release ACh and 5-HT. Excitatory motor neurons secrete ACh and substance P (SP), whereas inhibitory motor neurons secrete nitric oxide (NO), vasoactive intestinal peptide (VIP) and the purine β-nicotinamide adenine dinucleotide (βNAD). Secretomotor and vasomotor neurons of the submucosal plexus (SMP) secrete ACh or VIP.
GABAergic and dopaminergic (DA) neurons are also found in enteric plexuses, but their synaptic targets are unknown. b | Schematic of enteric glial subpopulations and their interactions with other cell types. Mucosal glia are found in the lamina propria immediately underneath the epithelium and have been reported to interact with enteroendocrine cells 181 (EECs; specialized epithelial cells that release peptides and other signals in response to luminal stimuli, such as ingested nutrients or mechanical distention), a subset of immune cells known as group 3 innate lymphoid cells (ILC3s; important for antimicrobial defence and maintaining tolerance to commensal microbiota) 182 , nerve fibres and blood vessels. Intraganglionic glia are found within the myenteric plexus (MP) and SMP, closely apposing and partially ensheathing neurons (depicted as blue circles). A subset of intraganglionic glia is connected by gap junctions. Long, bipolar, intramuscular glia are found in the circular and longitudinal muscle layers (CM and LM, respectively), in close association with nerve fibres (not shown) that innervate the smooth muscle. CGRP, calcitonin gene-related peptide. Part a is adapted from ReF.
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In the brain, SERT is transiently expressed during development in glutamatergic neurons, which do not synthesize 5-HT; nevertheless, their uptake of 5-HT enables these '5-HT-absorbing' neurons to utilize 5-HT to establish the innervation pattern of the sensory cortex [140] [141] [142] [143] . SERT expression in the fetal ENS may also not be restricted to serotonergic neurons. Future studies will have to determine whether non-serotonergic 5-HTabsorbing cells, similar to those of the CNS, function in ENS development. Indeed, in the gut, SERT is expressed not only in neurons but also in fetal and adult enterocytes and is functional in the early fetal endoderm 144 . Mucosal SERT probably protects the developing ENS from the large amount of 5-HT that enterochromaffin cells constitutively release. Mucosal 5-HT would overwhelm the much smaller quantity of 5-HT secreted at enteric serotonergic synapses if it were able to reach the ENS 118 . 5-HT, therefore, is a multifunctional molecule, acting not only as a neurotransmitter, paracrine factor and hormone 118 but also as a growth factor that regulates the genesis and diversity of enteric neurons.
Disrupted neurogenesis and disease. Disruption of the ability of early-born enteric neurons to regulate neurogenesis during development is a novel but plausible mechanism that may contribute to disorders of the mature bowel. IBS, a functional condition of aberrant motility and visceral pain, often begins in childhood 145, 146 . Children with IBS show evidence of serotonergic dysfunction (higher 5-HT content and decreased SERT in intestinal mucosa) in the bowel 147 , which could exert lasting effects on coincident neuronal development. In animal models, exposure to early-life adversity, such as maternal deprivation, induces long-term upregulation of enteric cholinergic neuronal activity; furthermore, in rats, chemical irritation of the developing colon 148 or neonatal stress (caused by maternal separation) 149, 150 induces adult visceral hypersensitivity. IBS also frequently follows intestinal infection and persists long after infection-induced inflammation has cleared 151 , supporting the idea that experience-dependent alterations in the microenvironment of developing and even adult enteric neurons cause lasting changes in the ENS 152 . Enteric neurons become active and the ENS becomes functional surprisingly early in murine prenatal development 27, 153 . The effects of this early neuronal activity may not only prepare animals for oral nutrition but also contribute to sculpting ENS development. These effects need not all be prenatal, as ENS development persists after birth 154 ; enteric neurons continue to be born in the postnatal and mature bowel 65, 136, 137, 155 . Psychosocial trauma, stress, drugs (therapeutically administered or abused), infection and inflammation alter neuronal activity and SERT expression and thus also change the availability of 5-HT. Dysregulation of 5-HT concentrations may represent a common pathway for various stimuli -from stress to infection or inflammation -to influence the properties of the mature ENS. The effects of environment-induced alterations in 5-HT signalling on the ENS may also provide insight into the genesis of GI dysfunction that sometimes accompanies CNS disorders, such as autism spectrum disorder in individuals with SERT mutations 126, 156 .
Enteric glia Molecular and morphological identity of enteric glia. Enteric glia were long considered to be analogous to Schwann cells in the extra-enteric PNS on the basis of their common origin in the neural crest. As ultrastructural analyses and immunohistochemical studies later suggested that enteric glia were more similar to astrocytes, the dogma shifted and enteric glia came to be considered the astrocytes of the gut. The astrocyte marker glial fibrillary acid protein (GFAP) and the calcium-binding protein S100β were commonly used to identify enteric glia. Transcriptional profiling of enteric glia has now challenged this dogma. Although there is no myelination in the ENS, almost all enteric glia express myelin proteolipid protein (PLP1) and, overall, express more genes in common with myelinating glia than with astrocytes 157 . Enteric glia exhibit a hybrid pattern of astrocyte and oligodendrocyte marker gene expression, suggesting that although they have features that are common to both of these other types of cells, they do not closely resemble either one 157 . These findings could mean either that enteric glia are a completely unique subtype of glia or that enteric glia are heterogeneous and subsets of enteric glia exhibit features of different populations of extra-enteric glia.
Glial heterogeneity in the ENS was first reported more than 20 years ago when investigators microinjected cells with membrane-impermeant dyes and described two morphological subtypes of glia in the enteric plexuses 158 . Outside the plexuses, at least two additional morphological types were identified: intramuscular glia, which are associated with nerve fibres coursing through the muscularis externa, and mucosal glia, in the lamina propria underneath the epithelium 159 ( Fig. 4) . There are no known molecular markers that distinguish these morphological subtypes, but whereas most enteric glia express SOX10, PLP1 and S100β, only a subset expresses GFAP 157, 160 . Ablation of Gfap-expressing enteric glia leads to fulminant intestinal inflammationan observation initially interpreted to suggest that glia are essential for preventing inflammation and maintaining intestinal epithelial barrier integrity 161, 162 ; however, recent studies in which Plp1-expressing enteric glia were ablated revealed more extensive glial loss but neither inflammation nor epithelial barrier defects 163 . These different outcomes may be explained by GFAP expression in rare non-glial cells in the intestinal epithelium and/or by non-cell-autonomous toxicity of the methods used to ablate glia in the older studies 163 . Better definition of enteric glial subtypes and their functions remains an important task to be accomplished.
Functional subtypes. In addition to molecular marker expression, some reported functional differences between enteric glia also provide clues to their underlying diversity. Even within a single myenteric ganglion, individual glia exhibit distinct Ca 2+ responses 160 , and a subset of enteric glia within the myenteric plexus is dye-coupled to each other through gap junctions 164 , making these cells capable of transmitting calcium waves. Interfering with these Ca 2+ dynamics alters GI motility and secretion, suggesting that Ca 2+ signalling, at least in 
Lamina propria
Loose areolar connective tissue of the intestinal mucosa. it lies under the mucosal epithelium and is demarcated from the submucosa by a thin layer of smooth muscle called the muscularis mucosa.
Dye-coupled
Relating to two cells joined by gap junctions that permit membrane-impermeant dye (and, often, electrical charge) to pass from one cell to another.
a subset of glia, is important for GI homeostasis [165] [166] [167] . Myenteric glia also respond uniquely to inflammatory insults, such as exposure to lipopolysaccharide (LPS). When rats were systemically challenged with LPS, GFAP was selectively upregulated in the myenteric plexus but not in the mucosa or submucosa; in vitro, glia isolated from the myenteric plexus that are exposed to LPS secrete the pro-inflammatory cytokine interferon-γ 168 . The functional importance of this glial interferon-γ response in vivo remains to be determined; nevertheless, these data suggest that enteric glial populations can respond differently to systemic stress.
Mucosal glia in the lamina propria are in a markedly different microenvironment from that of glia within the enteric plexuses and probably constitute a unique enteric glial subset. In support of this idea, the development of mucosal glia in mice was found to be uniquely sensitive to weaning; delayed weaning was associated with delayed glial colonization of the lamina propria 169 .
To examine the dynamics of mucosal gliogenesis, the multi colour Confetti reporter was expressed within Sox10-expressing glia; this revealed that mucosal glia are born in the myenteric plexus and migrate into the mucosa 169 . Remarkably, this radial migration along the serosa-tolumen axis is dependent on the microbiome. Germ-free mice and mice exposed to broad-spectrum antibiotics have far fewer mucosal glia in the small intestine than do control mice, and this deficit is restored by microbial exposure 169 . The numbers, nerve fibre density, subtype specification and excitability of enteric neurons are all altered in germ-free mice [170] [171] [172] , suggesting that microorganisms modulate ENS development in many ways. Whether glial migration into the mucosa reflects a direct or indirect interaction between glia and the microbiome is thus unclear. At a minimum, mucosal glia seem to be functionally distinct from other enteric glia; at a maximum, given the wide use of antibiotics in medicine, the findings above may have far-reaching implications if the mechanisms of enteric glial migration prove to be evolutionarily conserved in humans.
Conclusions
The complexity of the ENS, the multiplicity of its projections, its ability to function independently of CNS input and the essentiality of its functions are reflected in a very complicated pattern of development. Important advances have recently been made in understanding this pattern. The remarkable plasticity of crest-derived precursors enables internal and external environments to participate in sculpting the ENS. Internal cues are found along the migration pathways that crest-derived cells follow to and within the bowel as well as in enteric ganglia. As development proceeds, neurons arise, coexist with and regulate the development of remaining precursor cells. By modulating the activity of earlyborn neurons, the external environment, including the enteric microbiome, can regulate enteric neuronal and glial diversification and thus sculpt the ENS. The extreme complexity of ENS development provides a remarkable abundance of possibilities for abnormalities to arise.
HSCR is currently the only disorder widely known to result from abnormal ENS development. That situation is not likely to persist after modern tools of neurobiological research, such as single-cell transcriptomics, light sheet imaging and connectomics, are brought to bear on the study of GI pathophysiology. Further studies of animal models of human disease, coupled with reverse genetic investigations in which disrupted human genes are expressed in mice, will rapidly help to reveal which disorders have their pathophysiological roots in ENS development. 
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